Pulmonary arterial hypertension (PAH) causes right ventricular ischemia, dysfunction, and failure. PAH patients may benefit from antianginal agents based on a shared pathophysiology with left ventricular ischemia. A single-center, randomized, placebo-controlled trial (1 ∶ 1) to assess the acute vasoreactivity and safety of ranolazine in PAH was conducted. Plasma samples for pharmacokinetic (PK) studies were drawn during hemodynamic measurements at 0, 60, 90, 120, 240, and 360 minutes from a Swan-Ganz catheter. All patients received 500-mg doses, uptitrated to 1,000 mg at week 4, monthly evaluations, and a complete objective assessment after 12 weeks, followed by an open-label extension. Thirteen patients were randomized and 12 enrolled (6 ranolazine, 6 placebo). All patients completed the acute phase; 10 completed the 12-week study. There were no acute changes in invasive hemodynamics. At 12 weeks ranolazine was well tolerated. Only 1 of the 5 patients on ranolazine had a serum concentration considered to be in the therapeutic range. Two serious adverse events required early withdrawal (both in the ranolazine group); gastrointestinal complaints were the most common adverse event. Efficacy measures did not demonstrate any differences between treatment groups. During the open-label trial, 2 additional patients reached a therapeutic concentration. Ranolazine in PAH appears safe, without acute hemodynamic effects after a 500-mg dose. Ranolazine administrated to PAH patients receiving background PAH therapies did not consistently reach therapeutic levels. Future studies should first perform PK analysis in PAH patients receiving PAH therapies and explore the safety and tolerability of the higher doses perhaps necessary to achieve therapeutic levels in PAH patients. (Trial registration: Clinicaltrials.gov identifier NCT01757808.)
Pulmonary arterial hypertension (PAH) is a progressive and ultimately fatal disease of the pulmonary circulation characterized by vasoconstriction, endothelial dysfunction, excessive smooth muscle cell proliferation, and in situ thrombosis of pulmonary arterioles. 1 The resultant right ventricular (RV) dysfunction contributes to the progressive signs and symptoms of PAH. Since PAH cannot be cured with current pharmacologic therapies, strategies for improving RV myocardial function in these patients have been proposed to further improve outcomes.
Ranolazine is an approved therapy for the treatment of chronic stable angina. Its antianginal effects do not depend on reductions in heart rate or blood pressure, and it does not affect myocardial work at rest or with exercise. 2 At therapeutic concentrations, ranolazine's effects are related to inhibiting activation of late sodium ion channels, thus preventing calcium overload and producing both lusitropy (ventricular relaxation) and electrical stability. 3, 4 At higher plasma concentrations (>100 mM), ranolazine alters myocardial muscle cells to shift their substrate use toward carbohydrates rather than fatty acids. 2 Ranolazine is cardioprotective by producing more adenosine triphosphate per mole of oxygen (O 2 ), resulting in improved O 2 utilization efficiency. 5 Treatment with ranolazine improves myocardial blood flow, diminishing ischemia in patients with a high probability of coronary disease on myocardial perfusion imaging. 3, 4 Ranolazine also appears to improve diastolic hemodynamics and dysfunction. A small, early, proof-of-concept oncology study indicated that ranolazine prevented patients receiving chemotherapy from developing diastolic dysfunction. 6 To understand whether ranolazine might have therapeutic benefit in PAH, researchers have investigated its effects in animal models of pulmonary hypertension (PH). Ranolazine given to rodents successfully attenuated the effects of monocrotaline (MCT)-induced PH. 7, 8 Animals given ranolazine and MCT concomitantly had less elevation in plasma basic natriuretic peptide levels and less decrease in RV ejection fraction (EF) compared with rats treated with MCT alone. 7 Animals given ranolazine after 1 week of MCT also had similar benefit, with less elevation in pulmonary arterial systolic pressure (PASP) and less decrease in RVEF at day 28 without systemic effects.
PAH patients with symptomatic RV dysfunction are a high-risk group with a poor prognosis. These patients do not tolerate small decrements in their overall clinical status. In angina studies, ranolazine did not have clinical effects on systemic blood pressure, with only mild adverse effects of nausea, asthenia, and dizziness (ranolazine investigator brochure, March 31, 2010, Gilead Sciences). On the basis of these data and the extensive safety experience already known from ranolazine usage at the approved dosing of 1,000 mg twice daily, we hypothesized that ranolazine would improve RV function and cardiac output in PAH patients. We chose to investigate the safety of giving the medication by determining its effect on acute cardiopulmonary hemodynamics by invasive measurement over the half-life of the drug. Assessment of efficacy included hemodynamics, imaging, and laboratory changes from baseline to 12 weeks.
To investigate this potential, we conducted a randomized, placebocontrolled, single-center pilot study with three primary objectives: (1) to determine whether ranolazine administration had effects on acute cardiopulmonary hemodynamics, (2) to assess the safety of ranolazine acutely and after 3 months of therapy, and (3) to assess changes in RV function after 3 months of therapy. On the basis of current use in early drug development to assess potential efficacy, we investigated changes in pulmonary vascular resistance (PVR), a composite of cardiopulmonary physiological abnormalities in PAH, acutely and over 12 weeks.
METHODS

Study design
This was an investigator-initiated, randomized (1 ∶ 1), placebocontrolled phase Ib study of acute administration with hemodynamic monitoring of a single dose of study drug (ranolazine or placebo), followed by 12 weeks of daily administration. All patients seen at the University of Chicago (UC) PH clinic who met the inclusion criteria had the opportunity to enroll in the study.
Gilead (the manufacturer of ranolazine) permitted use of the drug and supported the conduct of the study at UC by its investigatorinitiated-study mechanisms. The Food and Drug Administration exempted the study from an Investigational New Drug requirement. The UC Institutional Review Board approved the consent and protocol. This was in accordance with the ethical standards of the Helsinki Declaration. All subjects provided written informed consent. The risk/ benefit was justified on the basis of the poor long-term prognosis of the enrolled patient population, the routine safety surveillance conducted jointly by experts in PAH, and the use of ranolazine in chronic stable angina patients and close surveillance of outpatients familiar with individualized titration of other PAH therapeutics. See the appendix, available online, for detailed methods and the complete initial approved protocol.
Patients
Inclusion criteria. PAH patients aged 18-72 years, defined as having idiopathic PAH, heritable PAH, or PAH associated with connective-tissue disease, congenital heart disease (repaired), or drug/ toxin use, 9 in World Health Organization Functional Classes (FC) I-III, with a historic right heart catheterization diagnostic of PAH, defined as mean pulmonary artery pressure (PAP) ≥ 25 mmHg with normal wedge pressure ≤ 15 mmHg at rest and PVR > 3 Wood units, were enrolled (from November 2011 to September 2013). Baseline 6-minute walk (6MW) distance was ≥150 m (without an upper limit). 10 All patients had a cardiopulmonary stress test (CPET), [11] [12] [13] [14] [15] 2-dimensional and 3-dimensional echocardiography (2DE and 3DE, respectively), 16, 17 and administration of the Cambridge Pulmonary Hypertension Outcome Review (CAMPHOR) quality-of-life questionnaire 18, 19 performed ≤21 days before enrollment.
Background therapies. Patients were receiving approved PAH monotherapy or a combination of PAH medications, including ambrisentan (5 or 10 mg), sildenafil (60-240 mg), tadalafil (40 mg), epoprostenol, treprostinil, or iloprost at stable doses for >90 days. Patients could also be receiving conventional PAH therapy as clinically indicated (oxygen, calcium channel blockers, digoxin), provided that the dose had not been changed in the 30 days before enrollment. Dosing of anticoagulants (warfarin) was considered stable if it had not been changed in the 30 days before enrollment, except as needed several days before and after cardiac catheterization.
Exclusion criteria. Patients were excluded if they were calcium channel blocker responders receiving monotherapy calcium blockers 9, 20 or if they were receiving a CY3P4 inducer (i.e., bosentan). Patients with impaired lung, liver, or renal function or systemic hypo-or hypertension also were excluded.
Echocardiography image acquisition
Comprehensive 2DE/3DE and color Doppler evaluation were performed by experienced sonographers using an iE33 imaging system equipped with an S5 transducer (Philips Healthcare, Andover, MA), with digital loops stored and analyzed offline (Xcelera Workstation, Philips). Right and left heart measurements were made according to published guidelines. 21 RV peak systolic free-wall longitudinal strain (RVFWLS) was measured with vendor-independent software (Epsilon Imaging). We calculated fractional area change (FAC), tricuspid annular plane systolic excursion (TAPSE), the velocity of the tricuspid annular systolic motion, and tricuspid regurgitation. The 3DE images of the RV were acquired from a modified apical 4-chamber view (iE33, Philips Healthcare) with a fully sampled matrix-array transducer (model X7-2t). 16 
Cardiopulmonary exercise testing (CPET)
All patients were removed from O 2 therapy in order to perform the test. The protocol consisted of 5 minutes of rest followed by interval walking, at first for 4 minutes, followed by increases in speed/elevation at 2-minute intervals until maximum tolerance (Naughton-Balke protocol); 22 additional data were collected up to 5 minutes into recovery. 23 Metabolic equivalents (METs) were estimated and reported with standardized formulas.
6MW testing
The standardized 6MW exercise test was administered by one of three trained technicians in accordance with American Thoracic Society guidelines. The test was administered in a 100-foot hallway within the PH clinic, with 10-foot (3.05-m) demarcations starting at 0. 10 Acute hemodynamic testing Right heart catheterization. Each patient underwent right heart catheterization by standard technique. 24 Baseline measurements included mean right atrial pressure (mRAP), systolic, diastolic, and mean PAP, pulmonary artery wedge pressure (measured at endexpiration), cardiac output/cardiac index (CO/CI) by thermodilution, in triplicate, and pulmonary artery O 2 saturation. PVR was calculated with the standard formula and expressed in Wood units. After baseline measurements, the catheter was left in place to allow for subsequent measurements after administration of active study drug or placebo.
Acute study treatment. Patients were given either placebo or ranolazine sustained release at a dose of 500 mg. Hemodynamic measurements were repeated at 0, 60, 90, 120, 240, and 360 minutes. Patients were monitored in a telemetry bed during this time in the catheterization lab holding area. Wedge pressure measurement was limited in frequency on the basis of current hospital policies to minimize patient risk. Plasma levels of ranolazine were drawn at each of the above time points via the catheter. Heart rate and systemic blood pressures were recorded at these times and throughout the observation period. After the acute monitoring phase, patients were discharged home.
Pharmacokinetic (PK) analysis. Plasma samples for PK analysis of ranolazine were drawn during hemodynamic measurements at 0, 60, 90, 120, 240, and 360 minutes from the patient's Swan-Ganz catheter into a syringe and aliquotted by a 20-gauge or largerbore needle into one 10-mL lavender-top (ethylenediaminetetraacetic acid [EDTA]) tube. The tube was inverted 3 times and placed on ice. Within 30 minutes of collection, plasma was separated by centrifugation at 1,300 g for 15 minutes at 4°C. The separated plasma was aliquotted to cryovials and stored at −70°C until assay. Analyses were performed by Intertek Pharmaceutical Services.
Follow-up and treatment
After discharge, patients received phone calls at 24 and 48 hours to assess their clinical status. Patients had visits at weeks 4 and 8 for assessment of clinical status, repeat laboratory testing, the CAMPHOR questionnaire, and adverse events. At week 4, patients were uptitrated from 500 to 1,000 mg twice daily (approved daily dose). At 
Withdrawal criteria, Data Safety Monitoring Board (DSMB)
All patients with serious adverse events were discussed with the DSMB before withdrawal. The DSMB consisted of 2 outside PAH experts (RS and RO) with experience in trial design and the acute care of PAH patients. The DSMB received reports of all serious adverse events and updates after each enrollment, with formal updates after 3 patients completed 12 weeks and then monthly as per the DSMB charter (for the charter, see the appendix).
Extension phase
Patients had the option of continuing use of the study drug at the discretion of the physician. The patient and the study team remained Note: Data are median (IQR). Legend: CI: cardiac index; CO: cardiac output; IQR: interquartile range; mPAP: mean pulmonary artery pressure; mRAP: mean right atrial pressure; PADP: pulmonary artery diastolic pressure; PASP: pulmonary artery systolic pressure; PCWP: pulmonary capillary wedge pressure; PVR: pulmonary vascular resistance.
blinded until the completion of the 12-week phase by the final patient. Uptitration mimicked the randomized study, and at 12 weeks patients had a blood sample taken for PK analysis. Visits were standard-of-care 3-6-month visits, with procedures as determined by the investigator. Enrolled open-label patients continued to be followed as standard of care.
Sample size and statistical analysis
This was a pilot study planned to assess the acute and 12-week response to treatment and safety in 20 patients. The placebo group was the comparator group. Allowing for a 10% dropout rate, a total of 22 patients was planned to determine adequate safety exposure. However, on the basis of site enrollment feasibility, the principal investigator and the DSMB chose to stop enrollment after 12 patients completed 12 weeks of therapy. All categorical variables are reported as median (interquartile range). Comparisons between groups were made with the Fisher exact test or the Mann-Whitney test.
RESULTS
Patient characteristics
The study consent and protocol were approved on August 31, 2011. Seventeen patients were screened for enrollment; 4 declined to participate. Thirteen patients were randomized to therapy. The first patient enrolled February 20, 2012. The last patient enrolled December 16, 2013, and completed the study 12 weeks later. Upon completion by the final patient, patients and investigators were unblinded to treatment assignment. One patient was found to have a very low CO at catheterization, consistent with shock, and thus was not started on therapy. Twelve patients completed the acute phase (6 ranolazine; 6 placebo), and 10 (4 ranolazine; 6 placebo) completed the 12-week assessments ( Fig. 1 ; Table 1 ).
Acute administration (primary outcome)
Patients assigned to receive the active drug in the acute study had slightly higher PASP and mean PAP, yet PVR was similar at baseline between groups. There were no significant changes in mRAP and PAP (systolic and diastolic) or in CO/CI during the 360 minutes. There was no change in the primary end point, PVR (P = 0.52; Fig. 2 ; Table 2 ). There were no adverse events of hypotension, hypertension, bradycardia, or tachyarrhythmia during the observation period. PK data revealed that only 1 patient reached a therapeutic concentration of 2-6 μM ( Table 3) .
Tolerability: serious adverse events
Ten of the 12 patients completed all the study evaluations at week 12. The average number of days receiving the study drug per patient was 90 (range: 84-91). Two serious adverse events occurred, prompting withdrawal from study. Both patients had been randomized to ranolazine. After receiving the study drug for 22 days, 1 subject was withdrawn from the study drug because of worsening right heart failure (February 2012); this was considered possibly related to the study drug. The patient developed worsening shortness of breath after catheterization in the setting of volume overload; she was not taking her diuretic as instructed (patient 2). After receiving the study drug for 45 days, a second patient was withdrawn from the study because the patient developed a rise in creatinine in the setting of Varicella zoster infection and hypovolemia. The study was then temporarily placed on hold. The DSMB independently re- Note: Boldface indicates that patient 2 achieved a therapeutic concentration after 360 minutes. BQL: below quantitation limit (50.0 ng/mL). viewed the data. The patient was withdrawn from the study drug (August 2012) on the basis of this event (possibly related) and other reports of renal dysfunction with ranolazine from a coincident sponsor's study (patient X). The trial resumed after the consent and protocol were amended to acknowledge the risk of renal failure in patients with baseline renal insufficiency.
Extension phase
Any of the patients could continue on open-label therapy as standard of care if the patient and the investigator perceived a benefit. One patient continues to receive commercial ranolazine therapy; the total drug exposure (longest for trial) as of April 1, 2015, is 595 days.
Adverse events
The most frequent adverse events were diarrhea and nausea. Three patients had upper respiratory infections, and 2 had sinus infec-tions (see Table 4 ). There were no complications during CPET or catheterization.
Outcome assessments PK analysis. Only 1 of the 5 patients assigned to active ranolazine had a therapeutic concentration at 12 weeks in the placebocontrolled trial. In the open-label trial, 2 additional patients reached a therapeutic concentration (total: 3 of 10). No patients were receiving contraindicated medications (CYP3A inducers). See Tables 5-7.
FC/CPET/6MW/lab/CAMPHOR. There were no changes in FC (P = 0.67), CPET (minute ventilation/CO 2 production [P = 0.67], peak oxygen consumption [P = 0.52], and calculated METs [P = 0.24]), 6MW distance (P = 0.67), N-terminal pro brain natriuretic peptide (P = 0.29), or CAMPHOR (P = 1.0) from baseline to week 12. Note: Data are median (interquartile range). 10 subjects enrolled at 12 weeks, (ranolazine: n = 4, placebo: n = 6). CAMPHOR: Cambridge Pulmonary Hypertension Outcome Review; CI: cardiac index; CO: cardiac output; CPET: cardiopulmonary exercise testing; METs: metabolic equivalents; mPAP: mean pulmonary artery pressure; mRAP: mean right atrial pressure; NT-proBNP: N-terminal pro brain natriuretic peptide; PADP: pulmonary artery diastolic pressure; PASP: pulmonary artery systolic pressure; PVR: pulmonary vascular resistance; VE/VCO 2 : ventilator equivalent of carbon dioxide; VO 2 : oxygen consumption per unit time; 6MWD: 6-minute walk distance. 2DE/3DE. There were no changes from baseline to week 12 in left ventricular or RV dimensions or volumes in 2DE or 3DE (see Tables 5, 7). TAPSE, RV area, and FAC, as measures to detect change, had both positive and negative variability. RVFWLS had the least variability (see Fig. 3 ).
DISCUSSION
On the basis of the potential effects of ranolazine on RV myocardial function, the known safety profile of ranolazine, and the positive preclinical data from MCT PAH animal models, there is rationale for cross-purposing ranolazine for PAH. In our study, ranolazine did not acutely lower PAP or demonstrate any measurable efficacy across multiple indices of PAH severity. However, although lower doses were used in the acute phase, even at the higher, approved dose used in the open-label phase of the study (1,000 mg twice daily), most patients did not reach a therapeutic level. Thus, the lack of an efficacy signal in this study could have been due to subtherapeutic ranolazine dosing.
Hemodynamic parameters are a central part of PAH diagnosis and management, as they are the gold standard for measuring pressure (to confirm the diagnosis) as well as important for measuring flow and resistance. While it appears that many PAH drugs can continue to improve hemodynamics over time, acute improvement may be an optimal initial screening for drug efficacy for direct vasodilatory drugs. [24] [25] [26] [27] [28] This continues to be the case when evaluating the additive hemodynamic effects of many combinations of PAH drugs. The best diagnostic test to screen a drug with an alternative mechanism of action in PAH is unknown, and therefore acute vasodilatory testing is still completed. In addition, in trials with a small sample size, the placebo arm enables investigators to better decipher "noise," variability in the measurements, to determine whether the observed effects were valid. This is why we did not conduct a singlearm phase I open-label study.
Limitations
The major limitation was the lack of therapeutic dosing of ranolazine. Our PK data illustrate that a more complete PK study in PAH patients receiving PAH background therapy should be done before evaluating acute vasoreactivity and longer-term safety and efficacy in a phase I study.
Our study was from a single center with an established PH practice, which may have biased patient enrollment. The small sample size used, with only 5 active-therapy patients for 12 weeks, may have been underpowered to detect a "signal" and increases the chances for Type II error. Because of institutional policy, we were not able to perform pulmonary capillary wedge pressure measurements with the Swan-Ganz catheter without the use of fluo-roscopy. Thus, repeating wedge measurements over time was not possible, since subsequent hemodynamic monitoring occurred in the catheterization lab holding area, where fluoroscopy was not available. We do not believe that ranolazine increased wedge pressure, because none of the patients had symptoms or signs of congestive heart failure (hypoxemia, orthopnea, rales, dyspnea) consistent with an acutely elevated wedge pressure. On the basis of reports of ranolazine use in PH associated with left heart disease, we also do not believe that the wedge pressure decreased and falsely elevated PVR. Finally, limitations in outcome measurements include measurement quality and operational aspects of data collection. Patients were not enrolled if they were in FC IV because of safety concerns; however, this is a group that may have the most potential to benefit.
Conclusions
Cross-purposing drugs for an orphan disease utilizes an approved therapy in a new indication (i.e., PAH) with predetermined knowledge of pharmacodynamic, PK, and adverse-event drug profiles. 20, 29, 30 Ranolazine at doses approved to treat angina appears to be safe in PAH patients receiving background PAH therapies, with no acute hemodynamic effects after a 500-mg dose. Because ranolazine in this study did not consistently reach therapeutic levels, the lack of an efficacy signal at the approved 1,000-mg twice-daily dose may have been due to underdosing. PK studies of candidate drugs for patients receiving background PAH therapies should be completed before initiation of more comprehensive studies such as ours, in order to determine the minimally effective dose. Future work will have to explore the safety and tolerability of the higher doses perhaps necessary to achieve therapeutic levels in patients with PAH.
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